Shiga toxigenic Escherichia coli (STEC) are an important group of pathogens and can be transmitted to humans from direct or indirect contact with cattle faeces. This study investigated the shedding of E. coli O157 and O26 in cattle at the time of slaughter and factors associated with super-shedding (SS) animals. Rectoanal mucosal swab (RAMS) samples were collected from cattle (n = 1,317) at three large Irish commercial beef abattoirs over an 18 month period, and metadata were collected at the time of sampling regarding farm of origin, animal age, breed and gender. RAMS swabs were examined for the presence and numbers of E. coli O157 and O26 using a previously developed quantitative real-time PCR protocol. Samples positive by PCR were culturally examined and isolates analysed for the presence of stx subtypes, eae and phylogroup. Any samples with counts >10
prevalence of E. coli O157 in North American cattle reported rates of 10.68% (95% CI: 9.17%-12.28%) in fed beef cattle (young cattle fed for slaughter), 4.65% (95% CI: 3.37%-6.10%) in adult beef cattle and 1.79% (95% CI: 1.20%-2.48%) in adult dairy cattle (Ekong, Sanderson, & Cernicchiaro, 2015) . Such variations in shedding rates may be linked to animal age, with carriage rates of STEC O157 reported to be higher in calves and post-weaned cattle than in adult finishing beef cattle (Ekiri et al., 2014) . Gunn et al. (2007) also reported that groups with older animals were associated with a lower risk of O157 shedding. Carriage rates of STEC O157 may reportedly be subject to seasonal effects, with generally higher rates reported in summer than in winter months (Dewsbury et al., 2015; Gunn et al., 2007) , while Stenkamp-Strahm et al. (2017) reported that an increase in environmental temperature was positively associated with pathogenic types of E. coli O157 in dairy cows. There is however, a paucity of data on how non O157 STEC serogroups are affected by the above factors.
STEC O157 can reportedly colonize the distal portion of the terminal rectoanal junction (RAJ) of cattle, and in colonized animals the temporal frequency and numbers of E. coli O157:H7 shed can vary widely from 10 to 10 9 CFU/g of faeces (LeJeune et al., 2004; Matthews et al., 2006; Naylor et al., 2003) . Cattle with a faecal shedding status of ≥10 CFU/g faeces have been referred to as super-shedders (SS; Matthews et al., 2006; Munns et al., 2015) .
Such SS animals are a major source of E. coli O157:H7 transmission among cattle on farms, in transport, lairage and in abattoir environments and ultimately, contamination of the food supply (Arthur et al., 2010 (Arthur et al., , 2009 Chase-Topping et al., 2007; ChaseTopping, Gally, Low, Matthews, & Woolhouse, 2008; Matthews et al., 2006) . A review of STEC O157 super-shedding by Munns et al. (2015) indicated that, across ten studies, 0.48%-71% of given populations of cattle were super-shedders. There is a lack of information on factors which may influence an animal to become a SS and ultimately, if any of these factors could be managed to reduce the STEC transmission risk. It is hypothesized that three principle components are likely to contribute to the SS phenomenon; the pathogen, the host and the environment (Cote et al., 2015) . Environmental factors which may potentially influence SS events could include time of year and weather, farm management practices such as whether animals are outdoors or housed, dietary factors and the micro-flora composition of the bovine gastrointestinal tract (Chase-Topping et al., 2007; Omisakin, MacRae, Ogden, & Strachan, 2003) . Williams, Ward, and Dhungyel (2015) reported that higher rainfall (p < 0.001), hide contamination (p = 0.002) and increased faecal consistency (p = 0.023) were positively associated with super-shedding in dairy herds at pasture. Factors that may influence SS at the microbe level may include strain-specific genomic characteristics such as the presence of certain virulence and/or adherence genes, strain lineage. In addition to this, strain variation in terms of growth rates, biofilm formation potential and the ability to survive and persist in the environment may also contribute to super-shedding (Arthur et al., 2013; Carlson et al., 2009 
| MATERIAL AND ME THODS

| Bacterial control strains
STEC strains used in the study as controls included E. coli O157 (EDL 933) and E. coli O26 strain 361 (Thomas et al., 2012) , which were maintained in the laboratory on Protect™ stock culture beads (Technical Service Consultants Ltd, Heywood, UK) at −80°C.
| Sample collection
Rectoanal mucosal swab (RAMS) samples were collected from beef and dairy cattle (n = 1,317) at three large commercial beef abattoirs in were classified as super-shedders (Log 10 4-7.7 CFU/ swab).
• 0.76% (10/1,317) of cattle were positive for STEC O26, and 0.23% (3/1,317) were classified as super-shedders.
• There was a seasonal peak in shedding and super-shedding of STEC O157 in Autumn.
Basingstoke, UK) and incubated for 5 hr at 41.5°C, and DNA was then extracted from 1 ml of broth using the DNAeasy® Blood and
Tissue kit extraction kit according to the manufacturer's instructions (Qiagen, Crawley, UK). The remainder of the enrichment broth was incubated for a further 19 hr at 41.5°C.
| Quantitative real-time pcr assay
A method combining a short enrichment with a quantitative PCR as described by Lawal, Burgess, McCabe, Whyte, and Duffy (2015) was used to quantify the STEC O157 or O26 in the RAMS samples. The extracted DNA was analysed using E. coli O157 and O26 specific real- 
| Cultural isolation of strains
Any samples that gave a positive PCR for O157 or O26 were then examined culturally. To isolate E. coli O157, enriched samples were plated in duplicate onto cefixime tellurite sorbitol MacConkey (CT-SMAC) (Oxoid, Basingstoke, UK) and incubated for 24 hr at 41.5°C.
For serogroup O26 enriched samples were plated onto CT rhamnose MacConkey (CT-RMAC) and incubated for 24 hr at 41.5°C. Isolated colonies were tested using sera O157 and O26 (Statens Serum Institute Denmark, Copenhagen). Up to five colonies from samples that tested positive for either of the serogroups were placed onto cryogenic beads and stored at −80°C, for further analysis.
| Detection of stx and eae
From the pure culture isolates, one bead was placed into 20 ml of mTSB and incubated overnight at 41.5°C, genomic DNA was then extracted from 1 ml of the overnight culture using the DNAeasy® Blood and
Tissue kit, according to the manufacturer's instructions. Two microlitres of this purified DNA was used as a template in an assay developed by Paton and Paton (1998) (Paton & Paton, 1998) .
Any isolates that were positive for the stx1 and stx2 genes were further analysed using a method for the identification of the three stx1 and seven stx2 subtypes of Shiga toxin-encoding genes of E. coli by conventional PCR amplification, as outlined by the WHO collaborating centre for reference and research on Escherichia and Klebsiella (Persson, Olsen, Ethelberg, & Scheutz, 2007) . The stx gene subtypes identified by this method are as follows: stx1: stx1a, stx1c, stx1d; stx2: stx2a, stx2b, stx2c, stx2d, stx2e, stx2f and stx2g (Scheutz et al., 2012 ).
| Phylogrouping
As different phylogroups have been linked with human clinical significance, isolates were phylogrouped using a PCR-based method that enables the assignment of E. coli isolates into one of eight phylogroups, seven of which belong to E. coli sensu stricto (A, B1, B2, C, D, E, F) whereas the eighth belongs to the Escherichia cryptic clade I. The conventional quadruplex method was carried out according to Clermont, Christenson, Denamur, and Gordon (2013) .
| Statistical analysis
SAS was used to determine the 95% binomial confidence intervals of the overall prevalence for E. coli O157 and E. coli O26 in cattle at slaughter. The O157 and O26 positive shedding animals were then cross-tabulated using the frequency procedure (SPSS) against the number of animals grouped based on the following: season, age, breed and gender (male, female). The metadata collected were used to assess whether there were any differences in shedding patterns among animals based on seasonality, age, gender and breed. There was no significant difference in shedding based on breed type or gender, and these results are not presented in detail. The number of cattle sampled in each season (quarter) and the numbers shedding and SS are shown in Table 2 . For STEC O157, they ranged from a low of 2.8% in summer, to the highest level of 5.7% in Autumn. The opposite was noted with STEC O26
| RE SULTS
positives, for which highest levels of shedding were noted in summer (1.21%) and lowest in Autumn (0.85%).
The age range of cattle sampled is shown in Table 3 . The majority of animals sampled were in the age range 25-30 months, followed by 19-24 months, which is the typical age at which animals from beef production systems are slaughtered in RoI. Smaller numbers of younger (11-18 months) and older animals (>37 months) were sampled. Although a lower prevalence of O157 and O26 was observed for older animals, it was not statistically significant. were stx2 and eae positive, with no significant difference between isolates from SS and low shedders. The remaining five O157 isolates were stx1, stx2 and eae positive. The STEC O26 isolates were a mixture of stx1 and stx2 positive, and all were eae negative. The stx subtype breakdown and phylogrouping (Table 5) showed that among the STEC O157, 44/55 isolates had stx2a alone, or in combination with stx2c. Five STEC O157 isolates had stx2a, stx2c and stx2d. For the O26 isolates (n = 10), there was greater diversity and one isolate with stx2d. All isolates also underwent a multiplex PCR-based method that enabled the assignment of the isolates into one of eight phylogroups. All of the O157 isolates (n = 55) fell into phylogroup E (Table 5 ), but greater diversity was observed in the ten O26 isolates which fell into three groups; B1 (n = 4), C (n = 3) and E (n = 3).
| D ISCUSS I ON
This study used RAMS to indicate the level of shedding and SS in cattle. The rectoanal (RAJ) mucosa is a unique region between the lymphoid follicle-associated columnar epithelial cells, which are located towards the distal colon and the stratified squamous epithelial cells which are found towards the anal canal (Kudva & Dean-Nystrom, 2011; Naylor et al., 2003) . Experimental evidence has shown that swabbing the RAJ region is a good indicator of E. coli O157 colonization and SS status (Cobbold et al., 2007; Rice, Sheng, Wynia, & Hovde, 2003; Williams et al., 2015) . As previously reported by Murphy et al. (2016) , this study has shown that RAMS was also a suitable method to detect O26 shedding and SS status. TA B L E 2 Number of animals sampled and number (%) STEC O157 and O26 positive each quarter November, December, January
Despite the recognized importance of bovine SS, quantitative data on shedding patterns are few relative to presence/absence prevalence data, possibly due to the use of routine detection methods in surveys, which are designed to yield data only on the presence of the pathogen, and not on the numbers present (Duffy & McCabe, 2014) . This study used a previously described real-time quantitative method. The method combined a short enrichment and a calibration curve, relating the real-time PCR cycle threshold (C t ) values against the initial concentration (CFU/swab) of O157 or O26 in the RAJ sample (Lawal et al., 2015) and could detect O157 and O26 samples, with counts over a wide range (Log 10 0.2-7.7 CFU/swab).
This method was also successfully applied by Murphy et al. (2016) TA B L E 3 Age range of animals sampled (n = 1,317) and number (%) shedding STEC O157 or O26 
Note. SS: super-shedder; LS: low shedder.
in a longitudinal study of two Irish dairy herds for SS of STEC O157
and O26. The successful application of this type of approach was also reported for enumeration of Salmonella in pork (Kramer et al., 2011 ) and E. coli O157 and O26 in milk (Mancusi & Trevisani, 2014) .
It is however probably more suited to focused research studies, as the calibration curve would need to be revalidated for any change in sample matrix.
This study showed that the overall prevalence of STEC O157 and O26 was 4.18% (55/1,317) and 0.76% (10/1,317), respectively. These can be compared with results of a previous study carried out in RoI investigating the prevalence of STEC O157, O26, O111, O103 and O145 in cattle faeces at slaughter (Thomas et al., 2012) , which reported that E. coli O157 was the most common serogroup recovered (2.3%), followed by STEC O26 (1.5%), STEC O103 (1%) and STEC O145 (0.7%). The lower rates of E. coli O157 may be reflective of the different sample type in the studies, with Thomas et al. (2012) examining a 1 g faecal sample, as opposed to RAMS used in this study, which has been reported to be more sensitive than faecal culture (Rice et al., 2003) .
The level of SS of STEC O157 and O26 was 2.13% (28/1,317) and 0.23% (3/1,317) respectively, which accounted for about half of all the STEC shedders detected. The shedding levels were also high, with up to log 10 7.7 CFU/swab for O157 and up to log 10 5.8 CFU/ swab for O26 detected. This high level of shedding noted across all positive animals shows the significant risk for STEC transmission into the agri-food chain from STEC contaminated faeces (Duffy, Burgess, & Bolton, 2014; LeJeune, Besser, & Hancock, 2001; Sargeant, Sanderson, Smith, & Griffin, 2003) . For O157, this SS level is comparable with levels of 3.1% and 3.4% in other studies also using the RAMS method (Cobbold et al., 2007; Williams et al., 2015) . A previous study in RoI which focused on shedding of STEC O26 by cattle on two dairy farms (A and B) reported SS at a low level, with one O26 SS animal (1/305) on farm A and three on farm B (3/224) (Murphy et al., 2016) . To the authors' knowledge, these two Irish studies on dairy and beef cattle are the first studies to report SS of STEC O26,and this finding is important in the context of the growing importance of O26 in human illness and in particular in RoI, where it is now the most commonly reported STEC serogroup among cultureconfirmed cases (HPSC, 2018).
Out of 41 farms, from which the STEC positive cattle originated, four farms had STEC O157 positive animals on more than one sample occasion, up to 8 months apart. Two farms had animals that were positive for STEC O26 and O157 in the same sample period.
An observation of persistently positive farms was also noted on two dairy farms in RoI over a 12 month period (Murphy et al., 2016) . The persistence of STEC on farms over many months is likely due to repeated exposure and cycling of STEC within the farm environment and the animals. This type of information from harmonized on-farm sampling could potentially feed into food chain information for meat processors and allowing risk management by segregation of animals from such farms and to reduce potential risk for cross-contamination from STEC positive to negative herds/animals during transport and lairage. However, molecular typing, or preferably whole-genome sequencing, of the isolates would be required to confirm the relatedness of strains found at different time points on the same farm.
A seasonal trend was observed in this study, with higher rates of overall shedding and SS of STEC O157 in the autumn period (August, September, and October). It was observed from rainfall data collected by the Irish Meteorological Service that autumn rainfall totals in the sampling period were above their seasonal long-term average values (Met Eireann, 2016) , which may have contributed to transmission among animals. Williams et al. (2015) also reported that increased rainfall events were linked to an increase in E. coli O157
shedding and SS. The increase in rainfall and wetter conditions likely increases the potential for animal to animal cross-contamination, from wet hides and the farm environment. In this study, there was no trend with STEC O26 but this may be related to the very small number of isolates recovered.
An age trend was also observed in this study, with lower rates of overall shedding and SS of STEC O157 and no O26 detected in older animals (>37 months). Gunn et al. (2007) also reported that groups with older animals were associated with a lower risk of O157 shedding. A study on two Irish herds did report STEC O26 SS but in very low numbers of older dairy animals (3 years 3 months up to 5 years 8 months), while in the same study O157 SS was detected in just one older animal (6 years 8 months). The reason for age-related differences and for lower shedding levels in older animals could be related to changes to the innate and the adaptive immune responses (Chase-Topping et al., 2008; Naylor et al., 2003) and changes in the composition of the microbiome in the bovine gastrointestinal tract and RAJ site over time (Chase-Topping et al., 2007; Omisakin et al., 2003) . A study by Xu et al. (2014) indicated that there may be variations in the microbiome between SS and non-shedders with higher bacterial diversity in SS, but further research to investigate this is needed, with larger number of samples from negative and SS animals. Compositional analysis of the microbiome in RAJ samples from SS, low shedder and non-shedders from this study would provide very useful information to investigate this hypothesis.
Among the 55 STEC O157 isolates, the majority had stx2 only (50/55) and were eae positive, with no significant difference between the virulence gene profile of isolates from SS and low shedders. The predominance of this stx2 and eae + profile was also noted among 81%-87% of previous STEC O157 Irish cattle and beef-derived isolates (Murphy et al., 2016; Thomas et al., 2012) and was also noted among E. coli O157 isolates from cattle in France (Bibbal et al., 2015) . Further stx subtyping of O157 isolates in this study showed a predominance of isolates with stx2a alone, or in combination with stx2c. This predominance of stx2c was also noted in the French cattle study (Bibbal et al., 2015) . Data from culture-confirmed human STEC cases in 2016 also indicated a predominance of stx2 alone, or in combination with stx1 among O157 isolates HPSC, 2018. An unusual profile was noted for some O157 isolates which contained stx2a, stx2c and stx2d. stx2d has generally been associated with eaenegative non-O157 STEC, and its presence in STEC O157:H7 has rarely been reported (Sanchez et al., 2017) .
The STEC O26 isolates (n = 10), albeit a small cohort, had varied stx1 and stx2 profiles, but all were eae negative which has been a traditional marker for human virulence. for the presence of the eae gene, 15% were eae negative (Carroll, Garvey, McKeown, & McNamara, 2015) .
All of the O157 isolates (n = 55) fell into the phylogroup E as previously reported for this serogroup (Tenaillon, Skurnik, Picard, & Denamur, 2010) . Greater diversity was observed for the ten O26 isolates which fell into various phylogroups (B1, C, E). Diversity in STEC phylogroups has been observed previously. A study of caprine-associated STEC predominantly observed phylogroup B1 isolates, with strains of phylogroup A also isolated (Jajarmi, Askari Badouei, Imani Fooladi, Ghanbarpour, & Ahmadi, 2018) . A study of STEC in water used for shellfish production was identified as predominantly being of phylogoups A, B1 and D (Baliere et al., 2015) , while a study of STEC in wildlife identified strains of phylogroups A, B1, B2 and D (Mora et al., 2012) . It should be noted the latter two studies used the previous Clermont phylogrouping method which classifies into four phylogenetic groups (A, B1, B2 and D; Clermont, Bonacorsi, & Bingen, 2000) .
This study has added to the previous longitudinal study on STEC O157 and O26 SS in two dairy herds in the Republic of
Ireland. This study shows that, while the overall shedding rates are relatively low in animals at time of presenting for slaughter (0.76%-4.18%), among positive animals there is a high level of SS.
Such SS animals may pose a higher risk of cross-contamination during slaughter. The highest prevalences were also noted among the typical age groups of beef production animals, with lower rates in older animals from dairy production systems. The reasons for this observation remain unclear. Further research on the strains from SS and low shedder animals, as well as data on the microbiota composition at the RAJ could provide additional valuable information on the risk factors underpinning the SS phenomenon. 
ACK N OWLED G EM ENTS
CO N FLI C T O F I NTE R E S T
None.
O RCI D
Catherine M. Burgess http://orcid.org/0000-0003-3722-5935
R E FE R E N C E S
